Morphological characters in red deer ( Cervus elaphus), which serve as criteria for selective hunting, were examined in relation to electrophoretic variation in three populations from the Vosges in eastern France. From the polymorphic loci examined, certain alleles at Idh-2, Me-i and Acp-i showed significant associations with a special development of body and antler characters selected for by hunters. Idh-2'25 was associated with larger hind foot length in females and a higher number of antler points in males. Me-19° and Acp-1'°° were associated with small spikes. The populations studied differed from one another in the duration and intensity of selective hunting and the increase or decrease in the respective allele frequencies could be explained by selection for large body size, a high number of antler points and against small spikes in yearlings, rather than by genetic drift. Among other morphological characters examined, the length of the main beam was significantly associated with the allele Acp-2'°°. In contrast, no associations could be detected between overall heterozygosity and the development or the degree of asymmetry (in paired structures) of any of the morphological traits in question. Although no obvious differences in the overall values of polymorphism or heterozygosity were found between the populations, selective hunting leads towards a change in allele frequencies and eventually to the loss of one or the other rare allele.
Introduction
The preservation of genetic variation within populations of free-ranging animals is currently one of the most important goals of theoretical, experimental and applied population genetics (see Schonewald-Cox et a!., 1983 and Soulé, 1987 for reviews) . Most attention is paid to the genetic effects of population bottlenecks, breeding in captivity and re-introduction into natural or artificially founded biotopes. In contrast, the influence of selective hunting on the genetic composition of populations of large mammals has been poorly examined by biochemical-genetic techniques (see e.g. Ryman etal., 1981) . §To whom correspondence should be addressed.
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Among all large mammals subjected to selective hunting one of the most affected species is the red deer (Cervus elaphus) , where selection favouring large body size, a high number of antler points and large spikes in yearlings (considered as an indicator for later 'antler quality' in adult males) was increasingly established in the hunting laws or rules of European countries such as Germany, Austria, Hungary and part of France since the 1920s (Lang, 1987; Ueckermann, 1987) . The question whether the development of those characters reflects mainly environmental influences and the condition of the animals, or is largely determined by the genetic background is still under discussion (see e.g. Harmel, 1983; Suttie & Kay, 1983; Marchinton et a!., 1987) . As enzyme hetero-zygosity is frequently considered to be associated with an enhanced plasticity and capacity of metabolism, individuals showing large body size and superior 'antler quality' may be more heterozygous in the first case (Soulé, 1979; Smith et al., 1983; Watt, 1985; Zouros et al., 1988; Scribner et al., 1989) . On the other hand, certain alleles at enzyme loci may be associated with a particular development of body and antler traits in the second (Røed, 1987) .
In this study we report evidence that, in red deer, alleles at some enzyme loci (Me-i, Idh-2, Acp-i), one of them (Idh-2) already found to be associated with juvenile mortality in the same species (Pemberton et al., 1988) , are associated with certain development of morphological characters favoured by selective hunting. In three populations, a direct connection between the duration and intensity of selective hunting and the change in allele frequencies at the Idh-2 and the Acp-1 locus is demonstrated.
Materials and methods
Three distinct red deer populations from the Vosges in eastern France were surveyed, which differ from one another in a number of relevant parameters (Fig. 1) .
The popu'ation in DON (containing about 500 individuals in 1880) is the origin of all red deer present in the Vosges. Its current population size is about 2750 individuals with an estimated Ne, of 1833 (calculated using the formula Ne = 4NmNiI(Nm + N1), Lucotte, 1983 ; assuming a sex ratio in reproduction of lm:2f, Clutton-Brock et a!., 1982) . Selective culling was established as late as 1976 and is practised, in part of the population, up to the present (Lang, 1987 Lucotte, 1983) . There is a high hunting pressure During the hunting seasons from 1987 to 1990, liver, kidney and heart, from a total of 290 specimens (103 from DON, 155 from VN, 32 from JPV) were collected by local hunters and frozen to -20°C as soon as possible after the death of the animals. Genetic variation in the respective populations was estimated by screening the following 29 isoenzyme systems using routine electrophoretic and staining techniques (Hartl & Höger, 1986; Hartl et al., 1988b; Hart! et a!., 1990 . Abbreviation, E.C. number and tissue used are given in parentheses; L= liver, K = kidney, H = heart).
Sorbitol dehydrogenase (SDH, E.C. 1.1.1.14, L), lactate dehydrogenase (LDH, E.C. 1.1.1.27, K), malate dehydrogenase (MDH, E.C. 1.1.1.37, K), malic enzyme (ME, E.C. 1.1.1.40, K), isocitrate dehydrogenase (IDH, E.C. 1.1.1.42, K), 6-phosphogluconate dehydrogenase (PGD, E.C. 1.1.1.44, K), glucose dehydrogenase (GDH, E.C. 1.1.1.47, L), glucose-6-phosphate dehydrogenase (GPD, E.C. 1.1.1.49, K), xanthine de- The interpretation of electrophoretic band-patterns and the designation of common and variant alleles at the polymorphic loci in red deer is described in detail in Harti et al. (1990) . The proportion of polymorphic loci (P, 99 per cent criterion), expected (I?) and observed (H0) average heterozygosity were calculated according to Ayala (1982) . The theoretical amount of gene flow between DON and VN was estimated using Slatkin's (1985) concept of 'private alleles' j5(1) by means of the formula:
where a= -0.505 and b= -2.440 for an assumed sample size per deme of 25. As the sample sizes of DON and VN deviate considerably from this magnitude, the correction suggested by Slatkin (1985) and Barton & Slatkin (1986) was applied. Furthermore, Gstatistics (Nei, 1975) were used to estimate the number of migrating individuals (Nm) from FST (in a broader sense) as outlined by Slatkin & Barton (1989) . Additional population genetic parameters, irrelevant for the present investigation, were examined in an earlier study, based on less individuals from the Vosges, but including a number of red deer populations from other parts of Europe (Harti et a!., 1990) .
Morphological measurements (general body measurements and antler characters) were taken by the local hunters and the staff of ONC according to Lang (1989) . The jaws were prepared from each specimen and age determination was performed by examination of growth layers in dental cement after Mitchell (1963) .
The genotypes at the polymorphic enzyme loci were examined for an association with one or more of the artificial selection criteria mentioned above using Iright-lefti x100.
The associations found were examined for significance by the t-test, when a normal distribution of morphological character states was to be expected; otherwise the Kruskal-Wallis test was used. Differences in allele frequencies between various samples were examined for significance by means of the Chi-square test (with Yates correction in the case of less than 40 specimens available in the respective sample).
Results
With the exception of Me-2 and the allele Me-i9° all isoenzyme loci found to be polymorphic in the present study (Me-i Me-2 Idh-2 Sod-2 Pgm-2 Acp-i Acp-2) were already described with the corresponding alleles by Hartl et a!. (1990) . The allele frequencies in the whole sample from each population studied are given in Table 1 . Values of polymorphism, single locus and average heterozygosity are given in Table 2 . The In Me-2, Pgm-2 and Sod-2 no associations with the development of the morphological characters in 0.5 In order to test, whether differences in allele frequencies of VN and JPV in relation to DON (Fig. 3) can be explained by selection (hunting) rather than by genetic drift, the formula a2/(pq) t/(2AIe) was used to calculate the possible amplitude of Idh-2125, as it can be achieved by genetic drift at P<0.05 after three and five generations, respectively (Lucotte, 1983) . The initial gene frequency of Idh-2'25 =0.417 is that of females and calves in the DON population (Table 3) . In VN the frequency of Idh-2'25 of females and calves is 0.530, which is higher than expected only as the result of drift (upper bound 0.469).
In Acp-1, the allele Acp-P°° is preferentially associated with small spikes. Its frequency among yearlings with small spikes (<300 mm, n = 19, Acp-l'°°= 0.92 1) is significantly different from that in yearlings with large spikes (300 mm, n=20, Acp-1'°°=0.725, P < 0.01, Chi-square-test with Yates correction) and the frequency change from 0.825 in DON to 0.723 in VN cannot be explained by genetic drift (lower bound = 0.78 5).
In Me-i, the allele Me-19° (occurring in DON, VN and JPV in low frequencies - Table 1 ) is significantly associated with small spikes (n = 42, difference in mean spike length to homo-or heterozygous carriers of other alleles = 273.8 mm, P< 0.01, t-test).
In Acp-2, the homozygous occurrence of the allele Acp-2'° is significantly associated with the length of the main beam. There is a mean difference to homo-or heterozygous carriers of Acp-285 of 291 mm (when measurements of both beams are added; n = 21, P <0.001, t-test). Again the allele frequency differences between DON and VN cannot be explained by genetic drift alone (lower bound Acp-2'°° frequency =
0.598).
No association could be detected between the average heterozygosity and any of the antler traits studied (length of main beam, circumference of main beam, number of points, length of spikes). In addition no significant associations were found between the 
Discussion
The values of polymorphism and heterozygosity are similar to those detected by Hartl et al. (1990) . Due to the increased sample sizes of individuals, however, a third rare allele at the Me-i locus was detected.
Furthermore, whereas ME-2 could not be consistently Whereas the number of migrating individuals per generation (Nm) is rather high according to the estimate derived from GST, it is considerably lower when derived from j( 1). In addition, the latter value would indicate some gene flow but the very short time passed since the isolation of the VN population from DON must be considered. As Pgm-279 was detected only in DON and Idh-2"2 only in VN, rare alleles appear to give more information about short-term isolation of the respective populations than overall relative differentiation (GST = 0.002). The latter measurement is based on differences between the expected average heterozygosity of a fictive total population and the mean ii of the respective subpopulations, which may need a longer time span for accumulation (rare alleles do not count at all in this approach).
Concerning the preferential associations of enzyme alleles with a particular development of morphological characters reported in this paper, the majority were already tested and found to be significant when less specimens were available. Furthermore, we concentrated on the characters considered by selective hunting, with only a few additions. This is particularly noteworthy, because when a number of correlations are performed, some may become significant simply by chance and the change in allele frequencies from DON to VN and from VN to JPV (although the sample size of females and calves is small in this population) supports the validity of the associations described.
In Idh-2'25 the change in allele frequencies would also be unexplainable by genetic drift, when a sex ratio in reproduction of lm:(up to)8f is assumed, which is very unlikely. Such an unequal sex ratio would lead to a smaller Ne and, thus, to an increase in genetic drift and an upper bound of the Idh-2'25 frequency to be reached of 0.508. In JPV the frequency of Idh-2'25 with 0.750 (Table 3) Previous results of Pemberton et al. (1988) , in Scottish red deer from the island of Rhum, suggests that natural selection favours heterozygotes of ldh-2'°°"25 by a better viability of heterozygous female
calves. An excess of heterozygotes among adult females in relation to calves could not be detected in our data but this difference can be explained by the fact that natural mortality on Rhum is high because of high population density and limited food availability (Lowe, 1969; Pemberton et al., 1988) . In our populations, however, with lower density, sufficient trophic resources and high hunting pressure, natural mortality is likely to be much less important. As already emphasized by Pemberton et a!. (1988) , at present it cannot be decided whether selection is associated with the physiological properties of enzyme variants or with the close linkage of an enzyme locus with a gene or gene complex being responsible for the development of the morphological characters in question. So our data would fit, for example, to a linkage with a 'single major gene' which affects the expression of antler point number as described in the white-tailed deer by Templeton etal. (1983) .
In addition, the allele frequency change of Acp-1'°°f rom DON to VN cannot be explained by genetic drift; neither with a sex ratio of 1 m:2f nor with a sex ratio of lm:(up to)8f. It can, however, be explained by the strong hunting pressure against small spikes. In Me-1°t he strong association with small spikes indicates that further heavy hunting pressure against carriers of this trait could lead towards a total elimination of the allele from the population. The artificial selection against small spikes in VN seems to be particularly effective, as the hunting criterion is simple, the yearlings are not shy, and, as a motivation for selective culling, hunters are rewarded for killing a 'bad' yearling by obtaining permission to shoot another individual.
As in Idh-2'25 and Acp-1'°°, the change in the Acp-2100 frequency from DON to VN cannot be explained by genetic drift alone. However, because the associated length of the main beam is not directly affected by selective hunting, a straightforward interpretation of this result is not possible.
In remarkable contrast to the white-tailed deer, no association could be detected between the average heterozygosity and the development or the degree of asymmetry of the morphological characters studied (see Smith eta!., 1983; Scribner et al., 1989) . It must be noted, however, that the extent of enzyme variation in the white-tailed deer is by far the highest among all deer species yet studied, both with respect to the number of loci polymorphic and the number of alleles found (see Hartl & Reimoser, 1988; Hartl et al., 1990 , for reviews). A possible difference in the significance of enzyme polymorphism between r-(white-tailed) and Kstrategist (red) deer species has been discussed by Hartl & Reimoser (1988) .
Altogether our results suggest that the characters investigated in the present study do not show a relationship to overall fitness as far as can be indicated by the degree of overall heterozygosity (e.g. Johns et al., 1977; Fleischer et al., 1983; Smith et a!., 1983; Scribner et al., 1989) . It is rather the case that alleles at certain enzyme loci are associated with a special development of morphological characters, and some of them can be lost by a consequent directional hunting pressure. This need not necessarily be reflected by a decrease in overall heterozygosity (Harti er a!., 1 988a; Hartl, 1989) , but it may be dangerous in intensively managed species, as the counteraction of natural selection (e.g. in favour of Idh-2 heterozygotes: Pemberton eta!., 1988) may be suppressed.
